Abstract-Fishing locations for Pacific saury (Cololabis saira) obtained from images of the Operational Linescan System (OLS) of the U.S. Defense Meteorological Satellite Program, together with maximum entropy models and satellite-based oceanographic data of chlorophylla concentration (chl-a), sea-surface temperature (SST), eddy kinetic energy (EKE), and sea-surface height anomaly (SSHA), were used to evaluate the effects of oceanographic conditions on the formation of potential fishing zones (PFZ) for Pacific saury and to explore the spatial variability of these features in the western North Pacific. Actual fishing regions were identified as the bright areas created by a 2-level slicing method for OLS images collected August-December during 2005-2013. The results from a Maxent model revealed its potential for predicting the spatial distribution of Pacific saury and highlight the use of multispectral satellite images for describing PFZs. In all monthly models, the spatial PFZ patterns were explained predominantly by SST (14-16°C) and indicated that SST is the most influential factor in the geographic distribution of Pacific saury. Also related to PFZ formation were EKE and SSHA, possibly through their effects on the feeding grounds conditions. Concentration of chl-a had the least effect among other environmental factors in defining PFZs, especially during the end of the fishing season.
Abstract-Fishing locations for Pacific saury (Cololabis saira) obtained from images of the Operational Linescan System (OLS) of the U.S. Defense Meteorological Satellite Program, together with maximum entropy models and satellite-based oceanographic data of chlorophylla concentration (chl-a), sea-surface temperature (SST), eddy kinetic energy (EKE), and sea-surface height anomaly (SSHA), were used to evaluate the effects of oceanographic conditions on the formation of potential fishing zones (PFZ) for Pacific saury and to explore the spatial variability of these features in the western North Pacific. Actual fishing regions were identified as the bright areas created by a 2-level slicing method for OLS images collected August-December during [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . The results from a Maxent model revealed its potential for predicting the spatial distribution of Pacific saury and highlight the use of multispectral satellite images for describing PFZs. In all monthly models, the spatial PFZ patterns were explained predominantly by SST (14-16°C) and indicated that SST is the most influential factor in the geographic distribution of Pacific saury. Also related to PFZ formation were EKE and SSHA, possibly through their effects on the feeding grounds conditions. Concentration of chl-a had the least effect among other environmental factors in defining PFZs, especially during the end of the fishing season.
The Pacific saury (Cololabis saira) is widely distributed in the western North Pacific from subarctic to subtropical waters and is one of the commercially important pelagic species in Japan, Russia, Korea, and Taiwan. The total landings of this species in these countries increased from 171,692 metric tons (t) in 1998 to 449,738 t in 2011. Over the last half century, annual catches of Pacific saury in Japan, for example, have averaged around 257,800 t (Tian et al., 2003) and have fluctuated greatly from 52,207 t in 1969 to 207,770 t in 2011 (Fisheries Agency and Fisheries Research Agency of Japan, 2012 .
The number, size, and location of fishing grounds for Pacific saury are largely affected by oceanographic conditions (Yasuda and Watanabe, 1994; Kosaka, 2000; Tian et al., 2002) , and the significant effect of environmental factors on abundance of Pacific saury was evident in the unexpected drop in both the catch and catch per unit of effort in 1998, following a period of high abundance (Tian et al., 2003) . The distribution and migratory patterns of Pacific saury have been associated with chlorophyll-a (chl-a) concentration and sea-surface temperature (SST) (Watanabe et al., 2006; Tseng et al., 2013) . Moreover, sea-surface height indicates water mass movements and, by extension, the flow of heat and nutrients, which will subsequently influence productivity (Ayers and Lozier, 2010) . Sea-surface height can also be used to infer physical oceanographic features, such as eddies, fronts, and convergences (Polovina and Howell, 2005) . Therefore, understanding the relationship between oceanographic factors and the migration and distribution of species is essential for fisheries management.
Most studies of Pacific saury have concentrated on distribution and migration and have used in situ or logbook data (Huang et al., 2007; Tseng et al., 2013) , and models have been developed to investigate growth and abundance (Tian et al., 2004; Ito et al., 2004 Ito et al., , 2007 Mukaietal., 2007) . In contrast, Watanabe et al. (2006) proposed a spatial and temporal migration model for stock size that was dependent on SST. However, integrated high-resolution nighttime satellite images, such as those available in the time-series data from the Operational Linescan System (OLS) of the Defense Meteorological Satellite Program, U.S. Department of Defense, together with habitat and environmental modeling, have not been used to predict the potential fishing zones for Pacific saury.
In Japan, fishing vessels operate at night and use stick-held dip nets, locally known as bouke ami, which are equipped with lights to attract fishes (Fukushima, 1979) . These fishing vessels, equipped with lights, as are vessels that fish for Pacific saury, can be identified by the OLS sensor, which also enables the detection of moonlight-illuminated clouds and lights from cities, towns, industrial sites, gas flares, and ephemeral events, such as fires and lightning-illuminated clouds (Elvidge et al., 1997) . In addition, OLS nighttime images can be used to estimate fishing vessel numbers and fishing areas for squid Kiyofuji et al., 2004) . The relationship between the number of lit pixels in OLS nighttime images and the number of fishing vessels also has been analyzed for the fishery of Illex argentinus (Waluda et al., 2002) . The brightly lit areas seen in nighttime images of the western North Pacific are the result of vessels fishing for Pacific saury or squid (Semedi et al., 2002; Mugo et al., 2014) .
Predictive habitat modeling has become an increasingly useful tool for marine ecologists and conservation scientists in order to estimate the patterns of species distribution and to subsequently develop conservation strategies (Johnson and Gillingham, 2005; Tsoar et al., 2007; Ready et al., 2010) . The maximum entropy method (Phillips et al., 2006) involves one of the most widely used machine-learning algorithms for inferring species distributions. In recent studies, the method of maximum entropy has been applied to both terrestrial (Peterson et al., 2007) and marine ecosystems (Ready et al., 2010; Edrén et al., 2010; Alabia et al., 2015) . In this study, we used a maximum entropy approach with multi sensor satellite datasets and OLS-derived species occurrences to create an accurate prediction model and investigate the potential fishing zones for Pacific saury in the western North Pacific. The objectives of this study were to evaluate the effects of oceanographic factors on the formation of potential fishing zones for Pacific saury and to examine the variability in spatial patterns of potential fishing zones in relation to the prevailing oceanographic conditions in the western North Pacific.
Materials and methods

Study area
This study was conducted in the western North Pacific, extending from 140° to 155°E and from 34° to 46°N (Fig. 1) . In this study area, located between the subarctic and subtropical domains of the North Pacific, the confluence of the warm Kuroshio Current and the cold Oyashio Current forms the Kuroshio-Oyashio transition zone (Roden, 1991) , also called the subarctic-subtropical transition zone. The Kuroshio Current is characterized by warm, low-density, nutrient-poor, and high-salinity surface waters (Yatsu et al., 2013) , whereas the Oyashio Current is characterized by lowsalinity, low-temperature, and nutrient-rich waters (Sakurai, 2007) . The Kuroshio-Oyashio transition zone is characterized by the mixing of various water masses and complex physical oceanographic structures (Roden, 1991) . Moreover, 3 major oceanic fronts exist in this region: the Polar Front, Subarctic Front, and Kuroshio Extension Front (Science Council of Japan 1 ). The characteristic patterns of these oceanic fronts also have been well documented in earlier studies (Kitano, 1972; Roden et al., 1982; Belkin and Mikhailichenko, 1986; Miyake, 1989; Belkin et al., 1992 Belkin et al., , 2002 Yoshida, 1993; Onishi, 2001; Murase et al., 2014; Shotwell et al., 2014) . Table 1 ). The period from August through December was chosen for analysis because it corresponds with the fishing season of Pacific saury. To construct the habitat suitability model, the daily images were reprocessed with a 1-km resolution and then compiled in a monthly database. The location of the vessels was assumed to represent the location of Pacific saury.
Satellite nighttime images
Detection of fishing vessel
We examined the histograms of DNs in our analyses of OLS images for each month in order to identify the fishing areas. Several peaks in DNs were recorded over the examined 5-month periods (Fig. 2) . To extract the areas with fishing-vessel lights, DN thresholds for identifying Pacific saury fishing vessels were calculated for each month because of the monthly differences in DN frequency distribution. A 2-level slicing method was used to extract the bright areas thought to be caused by the fishing fleet. This method is used to find a statistical optimum threshold from the DN frequency distribution (Takagi and Shimoda, 1991) .
The thresholds, k, were determined through the use of the following method proposed by Kiyofuji and Saitoh (2004) , and the variance, σ 2 (k), was calculated with the equations proposed by Takagi and Shimoda (1991) :
where n i = the number of pixels at i levels; N = the total number of pixels;
With these methods, 5 thresholds were identified (Table  2) . Class 1, 2, 3, and 4 thresholds indicate ocean water or cloud coverage, and the class 5 threshold indicates bright areas resulting from fishing vessel lights. Therefore, class 5 threshold values were applied to extract the bright areas that represented fishing vessel lights. Lights from vessels that fish for Pacific saury and those that fish for squid are contained in OLS images. These lights are difficult to distinguish from each other; therefore, it is necessary to generate OLS images with less contamination from the lights of vessels fishing for
Figure 1
Map of the study area in the western North Pacific with the hydrographic and topographic features of the ocean basin. The line with dashes and dots represents the boundary of the EEZ of Japan. The lines with dashes correspond to the 3 major oceanic fronts-the Polar Front (PF), Subartic Front (SAF), and Kuroshio Extension Front (KEF). The subarctic-subtropical transition zone is also shown. Redrawn after Murase et al. (2014) .
squid. In this study, we used SST to distinguish between the lights of the vessels that fish for Pacific saury and those of other fishing vessels because Pacific saury prefers colder areas for their migration routes and this approach was used earlier by Mugo et al. (2014) . Because Pacific saury are distributed below the upper SST limit (Table 3) , we split the nighttime light images into 2 categories. All lights that occurred above the upper SST limit were categorized as lights related to squid fishing, and all lights that occurred below this limit were assumed to be from vessels fishing for Pacific saury. Consequently, only the locations of lights that indicated fishing for Pacific saury were used for our habitat modeling procedures.
Environmental data
We used satellite-derived data-chla, SST, eddy kinetic energy (EKE), and sea-surface height anomaly (SSHA)-from 2005 through 2013 as environmental factors in the maximum entropy models. Daily chl-a and SST values were derived from satellite images from the Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua mission and were downloaded from NASA Goddard Space Flight Center [website] . These data were processed with the SeaDAS package, vers. 6.4 (NASA Goddard Space Flight Center, Greenbelt, MD) and reprocessed to create maps with a 1-km resolution.
Daily SSHA and geostrophic velocities (u, v) from the Topex/Poseidon and ERS-1/2 altimeters were 
where u' and v' = the zonal and meridional components of geostrophic currents, respectively.
With the grid function of the software package Generic Mapping Tools, vers. GMT 4.5.7 (website),we were able to calculate the monthly averages for each environmental variable from daily data sets, resampled to 1-km resolution and converted to Esri ASCII grid format(Esri, Redlands, CA) or to comma-separated values (CSV) format, as required by the software program Maxent (website).
Construction of a maximum entropy model
To develop a model with a maximum entropy approach, we used the software program Maxent, vers. 3.3.3k. Phillips et al. (2006) provided detailed information on the mode of operating this software. We constructed models using default values for regulation parameter (1), maximum iteration (500), and automatic feature class selection. We used a cross-validation procedure to evaluate the performance of the models. For background points, we generated pseudo-absences (10:1 ratio of pseudo-absence to presence) following BarbetMassin et al., (2012) on the basis of random spatial sampling within the study area (excluding points of presence of Pacific saury). We used the density.tools. RandomSample command line in Maxent to generate the random pseudo-absences. For each monthly model, the data were randomly split into 2 categories: one category for training data (70%) and one for test data (30%). The test points were then used to calculate the 
Evaluation and validation of the model
We used the AUC metric of the ROC curve to evaluate model fit (Elith et al., 2006; Phillips et al., 2006) . The relative contribution of individual environmental variables within the maximum entropy model was examined by using the heuristic estimates of variable importance based on the increase in the model gain, which is associated with each environmental factor and its corresponding model feature. Response curves generated for each factor were examined to derive the favorable environmental ranges for potential fishing zones. Independent sets of monthly OLS data from 2011 through 2013 were used to validate the models. The base models were used to create habitat suitability indices (HSIs) that assimilated similar environmental layers for the corresponding period from 2011 through 2013. Spatial HSI maps were generated and overlain with information on OLS data from the period 2011-2013.
Results
Spatiotemporal distribution of fishing locations, and environmental data Figure 3 shows the variation in the distribution of fishing vessel lights from August through December during [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . Vessels started to appear off the Kuril Islands and east of Hokkaido in August (Fig. 3A) . At the same time, fishing also occurred around the Sanriku coast of Japan and an offshore area between 150°E and 41°N that extended northeast to155°E and 43°N.
During September (Fig. 3B) , fishing vessels were distributed mostly north of 42°N, especially off east-ern Hokkaido, whereas the number of vessels off the Sanriku coast decreased. In October (Fig. 3C) , fishing vessels were widely distributed in Hokkaido and Sanriku waters. The distribution of fishing vessels moved slightly to the south and approached the shores of southeastern Hokkaido and Sanriku (38-41°N). During this same month, the offshore fishing locations (148°E and 48°N) also increased and extended northeast to 154°E and 43°N.
During November (Fig. 3D) , fishing vessels moved southward. The number of fishing vessels in eastern Hokkaido waters decreased, but the number of fishing vessels around the Sanriku coast increased (38-41°N) and moved northeast to 155°E and 43°N. A small number of fishing vessels also appeared off the Joban coast. In December (Fig. 3E) , fishing vessels appeared mostly along the Sanriku coast and were distributed in nearshore waters between 38°N and 40°N; however, a small number of fishing vessels still remained offshore and along the Joban coast.
The monthly averaged time series of environmental data for the period 2005-2013 are shown in Figure 4 . Mean SST values indicated a decreasing trend of temperature on the fishing locations from August through December (Fig. 4A) . Mean chl-a concentrations (Fig.  4B ) increased in September but declined in December. The mean chl-a concentration was highest in September (0.93 mg/m 3 ), when most vessels were concentrated off the eastern coast of Hokkaido and near the southern Kuril Islands. Mean EKE and SSHA values (Fig. 4 , C-D) increased in trends that corresponded with the southward shift of fishing vessels, especially from September until November.
Model performance and potential fish habitat
All monthly maximum entropy models significantly fitted better than they were fitted by chance as supported by the modest values of the performance metric (AUC>0.5; Table 4 ). This outcome indicates the high predictive success of these models (Elith et al., 2006; Phillips et al., 2006) . The relative contribution of each environmental variable to model prediction is shown in Table 5 . Model results indicate that the 2 most important factors in August and October were SST and EKE, and in September the most important factors were SST and chl-a. In November and December, the 2 highest contributions to model gain were SST and SSHA. Figure 5 provides the model-derived preferred ranges for each environmental variable. The plots in this figure show the performance and contribution of the various environmental data to model fit. High probabilities of occurrence of Pacific saury were observed in varied ranges for each month. In general, occurrence of Pacific saury had the highest probabilities in cool (14-16 o C) waters with chl-a concentrations of 0.5-2.0 mg/m 3 . In addition, there were high probabilities of occurrence of Pacific saury at low to moderate EKE and positive SSHA values. 141°E 144°E 147°E 150°E 153°E  141°E 144°E 147°E 150°E 153°E  141°E 144°E 147°E 150°E 153°E   45°N   42°N   39°N   36°N   45°N   42°N   39°N 36°N Table 5 Heuristic estimates of the relative percent contribution of environmental variables to models derived by using a maximum entropy approach. Table 4 Summary statistics derived from the monthly models for the period 2005-2010. The base models were calibrated with 70% of Pacific saury occurrence data, and values for the area under the curve (AUC) were calculated from the remaining 30% of the occurrence data. The total number of fishing locations (N) is given for each month. All the models fitted significantly better than if they were fitted by chance (AUC>0.5). 
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Prediction and validation of occurrence
Maps of predicted HSI for August-December (2011 are shown in Figure 6 . In August, the predicted probability of occurrence of Pacific saury covered the entire Oyashio region, but it did so with a small value of HSI (Fig. 6, A-C) . In September, high probability areas (HIS ≥0.6) increased, especially east of Hokkaido and the Kuril Islands. The presence of fishing locations derived from OLS images also increased east of Hokkaido during this period (Fig. 6, D-F) . In October, the known peak of the fishing season, a high Response curves from the monthly base model for (A) chlorophyll-a (chl-a), (B) sea surface temperature (SST), (C) eddy kinetic energy (EKE), and (D) sea-surface height anomaly (SSHA) in the western North Pacific. The error margin (EM) for each plot is provided.
Probability of occurrence
A B C D probability of occurrence of Pacific saury remained for east and southeast of Hokkaido and south of the Kuril Islands. During the same month, the results from the predicted HSI indicated the Kuroshio-Oyashio transition zone at 40°N, and a correspondingly high probability of occurrence of Pacific saury (Fig. 6, G-I) . In November, the high predicted HSI in the transition zone (38-42°N and 142-155°E) increased, especially off the Sanriku (39-41°N) and Joban (38-39°N) coasts (Fig. 6, J-L) . At the end of the fishing season in December, the predicted probability of occurrence dramatically decreased in the offshore areas but remained high off the Sanriku and Joban coasts (Fig.  6, M-O) . In general, the distribution of Pacific saury based on the HSI showed moderate spatial correlation with actual fishing locations derived from OLS images, although it did so with relatively low HSI values, particularly in August.
Discussion
We used fishing locations for Pacific saury and oceanographic variables with maximum entropy models to predict the potential fishing zones for Pacific saury in western North Pacific waters. Analyses of OLS nighttime images allowed us to locate fishing vessel lights across space and time, and we assumed that Pacific saury were caught in areas where fishing vessels were identified. On the basis of the derived fishing vessel locations, we were able to estimate the spatial and temporal distribution of potential fishing zones for Pacific saury.
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Figure 6 The spatial distribution of fishing locations (red dots) for Pacific saury (Cololabis saira) in the western North Pacific derived from analyses of images from the Operational Linescan System of the U.S. Defense Meteorological Satellite Program for the period August-December during 2011-2013, overlain on maps of habitat suitability predicted with base models. The suitability is depicted as an Habitat Suitability Index (HSI) score ranging from 0 to 1, representing "poor" to "good" habitat quality, respectively. 140°E  144°E  148°E  152°E  140°E  144°E  148°E  152°E 140°E  144°E  148°E  152°E   44°N   40°N   36°N   44°N   40°N   36°N   44°N   40°N   36°N   44°N   40°N   36°N   44°N   40°N 
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At the beginning of the fishing season, fishing locations derived from OLS images showed that most of the vessels that fished for Pacific saury appeared east of Hokkaido and south of the Kuril Islands (Fig. 3, A  and B ). In the middle of the fishing season (October to November) (Fig. 3, C and D) , vessels that fish for Pacific saury moved slightly to the south and appeared mostly around the eastern coasts of Hokkaido and Sanriku-a finding that potentially resulted from the southward extension of Oyashio fronts (Watanabe et al., 2006; Tseng et al., 2011) . At the end of the fishing season, vessels that fish for Pacific saury were concentrated along the Sanriku coast (Fig. 3E) .
Images from the OLS also showed that some of the fishing vessels appeared outside the EEZ, possibly because Pacific saury is an oceanic spawner, unlike other small pelagic fishes, such as the Japanese sardine (Sardinops melanostictus) and the Japanese anchovy (Engraulis japonicus), that generally spawn in the coastal and near shore waters of Japan (Zenitani et al., 1995) . The low capture of fish west of 150°E from June through July before the fishing season indicates that Pacific saury caught by Japanese fishing vessels were located far from the northeastern coasts of Japan (Tohoku National Fisheries Research Institute 3 ).
The predicted distribution of Pacific saury in the western North Pacific revealed areas of high probability of occurrence off Hokkaido and the Kuril Islands (Fig. 6, A-F) , areas that gradually moved south toward the Sanriku and Joban coasts by the end of the fishing season (Fig. 6, M-O) . These patterns coincided with the north-south migration of Pacific saury that marks the start and end of the fishing season. Results from a maximum entropy approach further indicate that the highest probability of presence occurred along the Kuroshio-Oyashio transition zone in November (Fig. 6 , J-L).
The occurrence of large-size Pacific saury (>29.0 cm in knob length) off the southern Kuril Islands during their spawning migration indicates that a high proportion of large-size Pacific saury moved from the high seas to coastal waters at the beginning of their migration toward the southwest-movement that was then followed by a similar migration of medium-size Pacific saury (24.0-29.0 cm in knob length). Therefore, abundance of Pacific saury off the coastal waters in our study is higher than the abundance observed in regions in the high seas (Huang, 2010) . In addition, the high density of Pacific saury off Hokkaido and the Kuril Islands was probably related to the southward movement of the Oyashio Current (Tseng et al., 2011) . The high presence of Pacific saury at the coasts also could be a result of a westward current intensification, which can result in the formation of oceanic fronts (Huang, 2010) . These frontal features have been known as the preferred migratory routes of Pacific saury and other marine species Zainuddin et al., 2008) .
Although oceanographic conditions are likely to affect species distribution, other factors, such as prey density, are equally important. In the Kuroshio-Oyashio transition zone, Oyashio intrusions transport organic matter, thereby supporting the production of copepods, which are the primary prey of Pacific saury (Odate, 1994; Shimizu et al., 2009 ). This salient physical process could potentially explain the existence of habitat areas of Pacific saury in the transition zone, areas that were identified with maximum entropy models and that consequently highlight the importance of this region as migratory and feeding corridors for Pacific saury.
The variability of the performance of the maximum entropy model was very low across the monthly base models, where AUCs higher than 0.9 indicate that models had excellent agreement with the test data ( Table 4) . As pointed out earlier, productivity and fish distribution are influenced by changes in the environment evident from the variations in temperature, currents, salinity, and wind fields (Southward et al., 1988; Alheit and Hagen, 1997) . In our study, SST (among the set of oceanographic variables examined) showed the highest contribution to all monthly base models (Table  5) , indicating the sensitivity of Pacific saury to temperature changes. For instance, increasing SST will directly reduce juvenile growth and prevent, or delay, the southern migration of Pacific saury in winter . Moreover, changes in winter SSTs in the Kuroshio-Oyashio transition zone and in the Kuroshio and Oyashio regions also affected the abundance of the large-size (winter cohort) and medium-size (spring cohort) groups of Pacific saury (Tian et al., 2003) .
To our knowledge, this study was the first attempt to use both EKE and SSHA to describe potential fishing habitat of Pacific saury in relation to mesoscale oceanography variability. Our results indicate that fishing activities occurred in areas with low to moderate EKE (Fig. 5) , reflecting the likely association of this species with eddies. Meandering eddies likely trap prey of Pacific saury, creating good feeding opportunities through local enhancement of chl-a and zooplankton abundance and through the aggregation of prey organisms (Owen, 1981; Zhang et al., 2001) . The importance of forage availability for Pacific saury is further reflected in the higher contribution of chl-a concentration to the base model in September (Table 5) . Together with SST, chl-a has been found to influence Pacific saury growth, recruitment, distribution, and migratory patterns (Ito et al., 2004; Oozeki et al., 2004; Yasuda and Watanabe, 2007) . However, from November through December, the distribution of Pacific saury likely is not limited by food availability because of a general increase in ocean mixing and a decrease in water column stratification during this period. These oceanographic conditions consequently enhance the chl-a concentration in the mixed-water region (Mugo et al., 2014) .
Finally, OLS nighttime images were found to be useful for investigating the distribution of the lights of fishing vessels-an outcome that supports the results of earlier studies (Semedi et al., 2002; . However, cloud contamination significantly limited the use of OLS images and reduced the density of proxy fishing locations; therefore, logbook data are needed to confirm the validity of fish occurrences in the future. The integration of these empirical data with multi sensor remote sensing information within a modeling platform could offer a powerful and innovative way to identify the potential fishing zones for Pacific saury and could be used to support fisheries management decisions.
